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self-renewal and differentiation in the
MT are balanced to avoid tissue over-
growth remains to be investigated;
whether this balance is controlled by
physiological stimuli such as the com-
position of the intraluminal fluid also
remains to be determined. Addition-
ally, it would be interesting to find out
whether some of the genes regulated
by the JAK-STAT pathway overlap in
multi- and pluripotent cells.
The results obtained by Hou and
colleagues in their study of the MT
are conceptually similar to those ob-
tained by the groups of Spradling and
Perrimon who reported last year that
the adult fly gut harbors multipotent
cells that are required to replace the
progeny continuously lost by apopto-
sis (Ohlstein and Spradling, 2006; Mic-
chelli and Perrimon, 2006). Similar to
the MT, large numbers of multipotent
cells are present in the adult gut and,
instead of being embedded in a niche,
lie in close proximity to the extracellu-
lar matrix and to their immediate prog-
eny. Together, these studies on adult
organs in Drosophila melanogaster
clearly demonstrate that these tis-
sues are much more dynamic than
previously thought. They also suggest
that the fly gut and the renal system
share aspects in common with their
vertebrate counterparts. The availabil-
ity of a genetically tractable model sys-
tem with the perspective of genome-
wide, saturating forward and reverse
genetic screens to study tissue self-
renewal in normal and pathological
conditions may have a substantial im-
pact on the characterization of tissue
stem cells in general, similar to the
studies in Drosophila that have helped
pave the way to molecularly define
stem cell niches. However, important
open questions regarding the biologi-
cal properties of the newly discovered
multipotent cells in the fly MT and gut
remain to be addressed. In particular,
are these cells developmentally re-
stricted such that they will only gener-
ate cells appropriate for the gut or for
MT when transplanted to other loca-
tions? Is their self-renewal unlimited,
as would be the case for true stem
cells? Answering these questions will
help determine to what extent the cur-
rent results may be extrapolated to the
biology of tissue stem cells in verte-
brates. In principle, state-of-the-art
forward and reverse genetic ap-
proaches in the fly represent power-
ful tools in the search to understand
the mechanisms operating in verte-
brate adult stem cells, as their very
properties, namely scarcity and low
rates of division, make them hard to
study.
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In this issueofDevelopmentalCell, twogroups, Yamamotoet al. andWuet al., describe thegeneration
ofmicewith targeteddeletionof theATF6agene.WhileATF6a is nonessential for embryonic andpost-
natal development, deletion has a profound effect on the transcriptional program elicited by endo-
plasmic reticulum stress, revealing a broader than anticipated role for ATF6 in this signaling network.
The endoplasmic reticulum (ER), along
with ER-associated chaperones, pro-
vides a critical environment for the
coordination of secretory protein fold-
ing with cellular homeostasis. When
protein load exceeds organelle capac-
ity, signals are generated that orches-
trate increased chaperone expression,
transient cell cycle arrest, and trans-
port of misfolded proteins to the pro-
teasome. ER-localized mediators of
this response include the transmem-
brane transcription factor ATF6, and
two transmembrane protein kinases,
PERK and IRE1. ATF6 is encoded by
two related genes, ATF6a and ATF6b,
and is implicated in the transcriptional
regulation of ER chaperones (Wang
et al., 2000; Yoshida et al., 1998,
2000). ATF6a also regulates expres-
sion of the proapoptotic transcription322 Developmental Cell 13, September 2007 ª2007 Elsevier Inc.
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Previewsfactor CHOP (Yoshida et al., 2000),
and the X-box binding protein 1 (XBP1)
transcription factor, which undergoes
unconventional splicing mediated by
IRE1 (Yoshida et al., 2001). To define
the physiological role of ATF6, two
groupshavegenerated targetedalleles
of ATF6a. In this issue of Developmen-
tal Cell, Wu et al. (2007) describe the
generation of ATF6a/ mice, while
Yamamoto et al. (2007) have also gen-
erated ATF6b/ mice. Both find that
ATF6a is nonessential for embryonic
and postnatal development. Yama-
moto et al. further demonstrate that
ATF6b-deficient animals develop
normally, while the ATF6a/b double
knockout is an embryonic lethal.
ATF6 proteins are ubiquitously
expressed transmembrane basic leu-
cine zipper (bZIP) transcription factors
that undergo regulated intramembrane
proteolysis upon accumulation of the
unfolded proteins in the ER (Figure 1)
(Haze et al., 1999). Processing by
Golgi-localized site 1 and site 2 prote-
ases releases the cytosolic N-terminal
portion of ATF6 (N-ATF6), comprising
its DNA-binding and transactivation
domains, whereupon it migrates to
the nucleus (Figure 1). Nuclear
N-ATF6 induces expression of genes
containing ER stress response ele-
ments (ERSE-I and -II) (Figure 1) origi-
nally defined in the gene encoding the
ER chaperone, glucose-regulated pro-
tein 78 kDa (GRP78/BiP) (Wang et al.,
2000; Yoshida et al., 1998, 2000). Cur-
rent work supports a role for ATF6a as
a positive regulator of ER chaperone
expression; in contrast, ATF6b is a pro-
posed antagonistic factor, due largely
to the absence of an eight-amino-acid
sequence, which is required for
maximal transcriptional activity, in
the transactivation domain (Thuerauf
et al., 2004). The methodology em-
ployed to address the role of ATF6 in
the ER stress transcriptional program
has been largely limited to overexpres-
sion studies utilizing the full-length or
nuclear form of ATF6a or ATF6b.
More recently, siRNA approaches
targeting ATF6 (Lee et al., 2003) and
Figure 1. ATF6 Contribution to the ER Stress-Induced Transcriptional Program
ATF6 undergoes regulated intramembrane proteolysis, releasing its N-terminal transactivation do-
main (N-ATF6). N-ATF6 regulates expression of target genes containing ER stress response ele-
ments (ERSE) and unfolded protein response elements (UPRE). While both ATF6a and ATF6b
undergo cleavage following stress, only ATF6a appears to play an essential role in the transcrip-
tional regulation of ERSE- and UPRE-containing targets. The early embryonic lethality of the
ATF6a/b double knockout suggests that ATF6b possesses a function that is not redundant with
that of ATF6a but remains elusive (question mark). During conditions of chronic ER stress,
ATF6a signaling results in sustained phosphorylation of eukaryotic translation initiation factor 2a
(eIF2a) via downregulation of expression of the eIF2a phosphatase, GADD34. ATF6a signaling
also mediates negative regulation of the unconventional splicing of XBP1 during chronic stress.
As these effects are indirect, they are depicted with double arrows.Developmental Cell 13,characterization of cells and mice
harboring a b-geo insertion into the
ATF6a locus (Mao et al., 2006) have
been utilized to address the function
of the endogenous protein. However,
because such approaches often result
in the generation of hypomorphic
alleles, the precise role of ATF6 in
mammalian cells has not been estab-
lished until now.
The new work reveals that ATF6a
regulates stress-dependent activation
of genes harboring classical ERSEs
(Figure 1). Targeted deletion of ATF6a
significantly attenuated stress-depen-
dent induction, but did not impair basal
expression of GRP78/BiP. Strikingly,
Yamamoto et al. found that ATF6b de-
letion neither compromised nor signif-
icantly accentuated stress-dependent
induction of ERSE-target genes. Thus,
ATF6b does not appear to function
as an ATF6a antagonist as previously
thought (Thuerauf et al., 2004).
Another revelation is that loss of
ATF6a leads to diminished activation
of the unfolded protein response ele-
ment (UPRE)-containing genes such
as Edem and HRD1, which are in-
volved in the ER stress-associated
degradation (ERAD) pathway (Fig-
ure 1). Regulation through UPRE
elements was thought to occur via
IRE1-dependent activation of the
XBP1 transcription factor. How does
ATF6 contribute to UPRE-dependent
gene expression? Yamamoto et al.
suggest that regulation of ERAD com-
ponents through UPRE-like elements
is accomplished by ATF6a/XBP1 het-
erodimers (Figure 1). In fact, the
ATF6a/XBP1 heterodimer possesses
higher affinity for the UPRE than the
XBP1 homodimers, which provides
a biochemical basis for the necessity
for both ATF6 and IRE1/XBP1 signal-
ing pathways. Importantly, the data
presented by Yamamoto et al. clearly
demonstrate that ATF6b deficiency
has no effect on stress-dependent in-
duction of ERAD components or the
UPRE-driven reporter activity. Inter-
estingly, while ATF6b is nonessential
for stress-dependent induction of
either ER chaperones or ERAD com-
ponents, ATF6a/b double knockout
animals do not survive past day 8.5
of embryogenesis (Yamamoto et al.,
2007), revealing that ATF6b doesSeptember 2007 ª2007 Elsevier Inc. 323
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dant with that of ATF6a. The former
could possibly regulate the basal ex-
pression level of ATF6 target genes.
Both groups unravel the protective
role of ATF6-mediated signaling during
ER stress in vitro; ATF6a-deficient
cells demonstrate reduced survival
rate. Furthermore, Wu et al. show that
ATF6a deficiency results in increased
sensitivity to chronic stress in mice
challenged with an inhibitor of N-linked
glycosylation, Tunicamycin.
One unanticipated finding is the
functional overlap between PERK and
ATF6 pathways. Wu and colleagues
demonstrate the convergence of
PERK and ATF6a signals on a subset
of target genes, including CHOP,
GRP78/Bip, Edem, and p58IPK. Para-
doxically, ATF6a deficiency results in
the upregulation of GADD34, a phos-
phatase that antagonizes PERK func-
tion and is a transcriptional target of
ATF4 downstream from PERK (Ma
and Hendershot, 2003). The authors
speculate that the ATF6a-dependent
downregulation of GADD34 mRNA
levels is critical for the sustained
phosphorylation of the PERK target,
eukaryotic translation initiation factor324 Developmental Cell 13, September 22 alpha (eIF2a), during chronic stress
(Figure 1), and its absence leads to
the observed lethal effects in the Tuni-
camycin-challenged animals.
A final intriguing interaction was
identified between IRE1 and ATF6
pathways. While expression of XBP1
is largely unaffected in ATF6a- or
ATF6b-deficient cells (Yamamoto
et al., 2007), sustained IRE1-depen-
dent splicing of XBP1 mRNA occurs
in ATF6a null cells (Wu et al., 2007)
(Figure 1). The sustained splicing,
leading to an increased amount of ac-
tive XBP1,may reflect a compensatory
activation of IRE1 signaling in the ab-
sence of ATF6. The extent of the
PERK/ATF6a and the IRE1/ATF6a
crosstalk requires further investiga-
tion.
Collectively, this work provides new
insights into the role of ATF6 in or-
chestrating acute and chronic ER
stress response pathways via inter-
connectivity with PERK- and IRE1-de-
pendent pathways. Further character-
ization of the ATF6-deficient animal
models and cell system, perhaps un-
der conditions that cause physiologi-
cal ER stress, shall be even more re-
vealing.007 ª2007 Elsevier Inc.REFERENCES
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